The different electronic structure of the atoms at steps and terraces of metal surfaces is thought to be responsible for their different (often-enhanced) chemical reactivity. Dipole moments are postulated to exist localized at the steps due to incomplete screening of the positive ion cores by conduction electrons, because the spatial variation of the charge density is limited by the Fermi wavelength. This is known as the Smoluchowski effect [1] . Indirect support for this assumption is provided by work-function (') measurements. Besocke and Wagner found a decrease in ' proportional to the step density on Au(111) [2] and used this to estimate the average value of the step dipole. Similar results have been reported for Pt(111) and W(110) [3, 4] . Calculations using the jellium model [5] predict that the localized step dipole increases with step height and screening length. Electronic structure calculations for the (111) and (100) microfacet steps on Al(111) produced very small dipole moments [6] , indicating that the Smoluchowski effect alone is insufficient to fully describe the electronic structure of steps. It is therefore important that the presence and the magnitude of local dipole moments at steps be measured experimentally.
Scanning probe microscopy can be used to investigate the electronic structure of steps. Marchon et al. observed a reduction in the tunneling barrier at surface steps on sulfurcovered Re(0001) [7] using scanning tunneling microscopy (STM). Later Jia et al. used this effect to calculate the step dipole for Au(111) and Cu(111) [8] . Arai and Tomitori investigated step contrast as a function of tip bias on Si(111) (7 7) using dynamic atomic force microscopy (D-AFM) [9] and suggested that step dipoles could explain their observations. In contrast, Guggisberg et al. investigated the same system using STM feedback combined with D-AFM force detection and concluded that the step dipole moments in Si111-7 7 were negligible [10] . They attributed the D-AFM contrast effects to changes in the van der Waals and electrostatic polarization forces, which are reduced above and increased below the step edges relative to the flat terrace.
In this Letter we report measurements of the strength of the fields produced by step dipoles by direct measurement of the electrostatic force they produce on biased tips. We use a combined STM-AFM system [11] with cantilevers that are made conductive by a 30 nm coating of W 2 C [12] . Relatively stiff cantilevers of 48 or 88 N=m were used to avoid jump-to-contact instabilities close to the surface. Attractive forces cause the cantilevers to bend toward the surface during imaging, as illustrated in Fig. 1(a) . Scanning is done at constant current as in standard STM mode, while forces are measured simultaneously from the cantilever deflection [13] .
The force acting on the tip is the sum of van der Waals and electrostatic contributions. The former is independent of the applied bias. The electrostatic contributions are additive and can be written as [14] F fD=RV 2 gD=RPV hD=RP 2 ;
where D is the tip-surface distance, R the tip radius, and f, g, and h are functions of the tip and sample geometry. P is the dipole moment, and V is the electrostatic potential difference between tip and sample. The first term in [1] represents the attractive force from polarization (i.e., image charges) induced by the applied voltage. The second term is due to surface dipoles P interacting with the biased tip, and is proportional to the bias. The last term is the force between the dipole P and its image on the tip. Of these contributions only the second term is linear with applied voltage, and provides an easy way to determine the net effect of the dipole field. The measurements were carried out in ultrahigh vacuum with an optical deflection AFM [15] . Several samples were used, including Pt(111), Au(111), and the twofold surface
of a Al 74 Ni 10 Co 16 decagonal quasicrystal prepared by cutting the crystal parallel to the tenfold axis. The growth and characterization of the Al-Ni-Co quasicrystal are outlined in detail elsewhere [16] . Because of the aperiodic nature of the atomic layering in the latter sample, steps of various heights were readily obtained on a single surface. The Pt single crystal and the quasicrystal [17] samples were sputtered and annealed in UHV. The Au sample was in the form of a thin film on glass, prepared in air by flame annealing and transferred to vacuum without further treatment. An average tip radius of 30 -70 nm was determined by scanning electron microscopy imaging.
Figures 1(b) and 1(d) shows the STM topography and force image of Pt(111) obtained simultaneously for a tip bias of ÿ0:2 V. Figure 1 (c) is a height and force profiles across the line in 1(b). The force, which is always attractive, increases by 1:5 nN as the tip approaches the bottom of the step and decreases by 4 nN after climbing over the step. When the attractive force increases, the STM current feedback loop retracts the base of the cantilever to keep the tunnel current, and hence the tip-sample distance, constant. The reduction of attractive force in the upper side of the steps is due to the reduction in the van der Waals and polarization part of the force (image charges), since in that position half of the surface (the lower terrace) is farther away from the tip. This is consistent with the results of Guggisberg [10] . By itself this result does not prove the existence of localized dipoles at the steps. For that we need to examine the changes in the force due to applied bias.
Earlier studies of decagonal Al-Ni-Co quasicrystal surfaces [18] indicate that the bulk structure consists of pairs of layers with fivefold quasiperiodic structure stacked along the tenfold direction with a periodicity of 0.4 nm. In our twofold surface this produces rows of atoms arranged periodically. The rows are separated by distances varying in an aperiodic manner and are parallel to the step edges. Most steps have heights of 0.5, 0.8, and 1.3 nm, although a few are observed also with 0.2 nm. The ratios of these heights follow the golden mean ( 1:618), characteristic of their quasiperiodic nature. Figure 2(a) shows a topographic profile perpendicular to the tenfold axis, along with corresponding force profiles acquired at 1:2 and ÿ1:2 V tip bias (at 100 pA tunneling current). Figure 2(b) shows similar topographic and force profiles across single-and double-height steps on Au(111) at 3 and ÿ3 V tip bias. As in the Pt case, there is a reduction of the attractive force when the tip crosses over the steps (upward peaks in the force profile). While this reduction is present for both and ÿ biases, there is a noticeable difference between the two. The difference between forces at opposite biases eliminates all contributions except that from the second term in Eq. (1), which is purely due to the step dipole. We can immediately conclude that the positive end of the step dipole points up, consistent with a smaller attractive force at the positive tip bias.
Approach curves (force and current versus distance at fixed bias) were used to determine an STM tip-sample distance of 0:5 0:1 nm during tunneling as shown in Fig. 3 . Tunnel current vs voltage curves for all samples showed a metallic character, with no significant dependence on bias polarity, so there is no change in the tipsample distance under STM feedback when polarity is reversed. Force vs voltage curves over flat terraces reveal a small tip-sample contact potential difference of 0.14 V for the quasicrystal and 0.20 V for gold. This contact potential difference is negligible compared with the applied bias and cannot account for the polarity-dependent force contrast at step edges.
The tip radius can be extracted from the force-distance curves as described in previous work [19] that shows that the effective tip radius is given by R 36A=V 2 , where A is the slope in the plot of electrostatic force F, versus 1=D, F is in nanonewtons, 1=D in nm ÿ1 , V in volts, and R in nm, as shown in the inset of Fig. 3 .
Results from measurements using the polaritydependent component of the force (i.e., the difference between forces at V and V ÿ bias, divided by 2jVj) at steps of various heights are shown in Fig. 4(a) . As can be seen, the experimental points follow a straight line. To determine the magnitude of the step dipole moment we compute the electrostatic force using the Generalized Image Charge Method (GICM) program [20, 21] , a variational method for solving electrostatic problems that is particularly efficient for problems with high symmetry. The tip is modeled by a sphere of radius R, which is an equipotential surface produced by a series of point charges q i and dipoles p i at fixed positions r j within the sphere. The magnitudes of the charges are adjusted to reproduce the boundary conditions of a constant potential V at radius R, and the sample surface at ground. With a suitable choice of positions, a relatively small number of point charges (less than 10) can reproduce the potential over the surface of the sphere within 1%. In this method the relative positions of the point charges and dipoles within the tip are fixed-only the magnitudes of the charges are changed as the tip-sample geometry is changed. For the present geometry, six point charges were distributed along the surface normal between the center and the sphere boundary, plus two symmetrical pairs of point dipoles located off axis in the plane defined by the surface normal and the line dipole P. Once the effective charges were determined, the tip-sample forces were calculated as the sum of the forces between the point charges q i , p i , their image charges q 0 i , p 0 i below the surface plane, and the fixed line dipole P. The field distribution calculated using these parameters is shown in Fig. 4(b) .
The radii of the tips used for the Au and Al-Ni-Co samples derived from the force-distance curves was found to be 30 11 nm and 70 30 nm, respectively. Calculations performed for several values of tip radius and for 0.5 nm for D are shown in Fig. 4(a) as a function of step height and step dipole moment [22] . As we can see the data (difference in the force at and ÿ bias per unit applied volt) fit quite well the lines corresponding to step dipole values of 1:6 D=nm or 0:45 D=step atom for Au(111) monatomic steps [23] with the tip radius of 30 nm, and 2:5 D=nm or 1:0 D=step atom for the smallest (0.2 nm) quasicrystal steps with the tip radius of 70 nm. We can conclude that the dipole moment scales proportionally to step height, at least for steps up to 1.5 nm. The dipole moment obtained for Au(111) is 3 times larger than the value of 0:16 D=atom obtained by Jia et al. [8] from STM barrier height measurements and 2 times larger than the 0.20 to 0:27 D=atom obtained by Besocke et al. [2] from work-function measurements on stepped Au(111). Bartels et al. [24] obtained 0:33 D=atom for Cu(111) steps from STM spectroscopy of localized states at step edges. Apart from systematic and statistical errors in the measurements, the discrepancy could be related to the very different methods used, tunneling barrier in one case and average work function in another as compared to direct measurement of the dipole force field in the present work.
In conclusion, we have shown the existence of localized dipole fields in the vicinity of steps through direct measurements of the forces experienced by a biased STM tip. Together with measurements of the tip radius (from forcedistance curves) and tip-sample distance (from currentdistance approach curves) in the course of the same experiment, the method provides a direct way to map out and to measure local dipole moments on surfaces that should be of significance in studies of chemical and electronic properties of surfaces. 
